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A B S T R A C T
Purpose: Diseases such as temporal lobe epilepsy, brain trauma and stroke can induce endothelial cell
proliferation and angiogenesis in speciﬁc brain areas. During status epilepticus (SE), bone marrow-
derived cells are able to inﬁltrate and proliferate, dramatically increasing at the site of injury. However, it
is still unclear whether these cells directly participate in vascular changes induced by SE.
Method: To investigate the possible role of bone marrow-derived cells in angiogenesis after seizures, we
induced SE by pilocarpine injection in previously prepared chimeric mice. Mice were euthanized at 8 h,
7 d or 15 d after SE onset.
Results: Our results indicated that SE modiﬁed hippocampal vascularization and induced angiogenesis.
Further, bone marrow-derived GFP+ cells penetrated through the parenchyma and participated in the
formation of new vessels after SE. We detected bone marrow-derived cells closely associated with
vessels in the hippocampus, increasing the density of blood vessels that had decreased immediately after
pilocarpine-induced SE.
Conclusion: We conclude that epileptic seizures directly affect vascularization in the hippocampus
mediated by bone marrow-derived cells in a time-dependent manner.
 2014 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
Contents lists available at ScienceDirect
Seizure
jou r nal h o mep age: w ww.els evier . co m/lo c ate /ys eiz1. Introduction
In neurological disorders such as hypoxia/ischemia, epilepsy
and brain tumors, the proliferation of endothelial cells induces the
growth of new blood vessels in the brain.1,2 Recent studies have
shown that vascular alterations occur after epileptic seizures in
both humans and animals.3–6 Blood–brain barrier permeability
and increased blood ﬂow into the brain are associated with the
increased vascular density and angiogenesis that occur in the
epileptic brain.3 In particular, hippocampal vascularization is
severely compromised during epileptogenesis in animal models of
temporal lobe epilepsy.4,6 In addition, after brain damage,
inﬂammatory and endothelial progenitor cells within the bone
marrow cell population inﬁltrate into the brain and proliferate,
increasing dramatically at the site of injury.7–10 These circulating
bone marrow endothelial cells have been suggested to participate
in neovascularization after brain injury.11* Corresponding author at: Departamento de Fisiologia, UNIFESP, Rua Botucatu,
862, 04023-062 Sa˜o Paulo, SP, Brazil. Tel.: +55 11 55792033/55764513.
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(B.M. Longo).
1059-1311/$ – see front matter  2014 British Epilepsy Association. Published by Else
http://dx.doi.org/10.1016/j.seizure.2014.01.017According to these observations, bone marrow-derived cells
can participate in status epilepticus (SE)-induced angiogenesis and
recruit circulating endothelial progenitor cells from bone marrow
to the brain after SE. To test this possibility, we proposed to
investigate the role of bone marrow-derived cells in the
hippocampal vasculature at various time-points after pilocar-
pine-induced SE animals. Chimeric mice engrafted with bone
marrow cells expressing enhanced green ﬂuorescent protein
(eGFP) were used to visualize and easily track bone marrow-
derived cells incorporated into the blood vessels.
2. Materials and methods
All animals were maintained in accordance with the Guide for
the Care and Use of Laboratory Animals (National Research
Council). All protocols were approved by the Animal Care and
Ethics Committee of the University (no. 0334/08).
2.1. Chimera preparation
We prepared the chimeric mice (n = 29) by transplanting bone
marrow from the C57BL/6 eGFP transgenic mice into lethally
irradiated (600 rad, 137Cesium source irradiator) adult male C57BL/vier Ltd. All rights reserved.
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donor mice (20–25 g) by ﬂushing the femurs and tibiae with sterile
medium. The cells were washed in Dulbecco’s modiﬁed Eagle’s
medium (DMEM, Gibco, San Diego, CA, USA), counted, and
resuspended in sterile saline. Approximately 3  107 cells were
administered into each irradiated recipient animal via intravenous
injection. The chimeric mice were allowed to recover for one
month prior to SE induction.
2.2. SE induction
Chimeric mice were injected with pilocarpine (280 mg/kg,
intraperitoneal, i.p., Merck, Brazil) to induce SE. Fifteen minutes
after the pilocarpine administration, the animals began showing
stereotypic behaviors and acute seizures, as described previous-Fig. 1. Photomicrographs showing immunoﬂuorescence representative sections of co-exp
(A–C) control group, (D–F) 8 h after SE, (G–I) 7 days after SE and (J–L) 15 days after SE. No
compared with 7 and 15 days after SE (I and L). Scale bars represent 100 mm.ly.12 SE was characterized by continuous epileptic seizure, rearing
and falling, straub tail, and repeated head twitches. Because of the
high mortality rate of the chimeric mice during SE, we adminis-
tered thionembutal (25 mg/kg, i.p.) 30 min after the SE onset.9
Thus, the total SE duration varied from 30 to 50 min, with Racine
stage 3–5 in the ﬁrst 30 min going down to stage 2–3 after
thionembutal administration. At the following time-points post-
SE, the animals were deeply anesthetized by overdose of
thionembutal (200 mg/kg, i.p.): 8 h (n = 5), 7 d (n = 7) or 15 d
(n = 7) and control no-SE chimeric animals (n = 10).
2.3. Immunoﬂuorescence
Mice were deeply anesthetized and perfused through the
heart with 50 mL of phosphate-buffered saline (PBS) followed byression GFP and laminin in the CA1 of chimeric SE-induced mice of the four groups,
te the low number of GFP+ cells co-localized with vessels in merged ﬁgures at 8 h (F)
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Louis, EUA). The brains were removed and processed for
immunohistochemistry on free-ﬂoating brain slices. Coronal
brain sections (30 mm thick) were made between bregma 0.98
and bregma 3.28 mm, targeting the hippocampus according to
the stereotaxic coordinates of the mouse brain atlas.13 To visualize
GFP+ cells inserted in blood vessel walls, sections were incubated
with anti-GFP Alexa Fluor 488 (1:600; Molecular Probes/Invitro-
gen, Eugene, USA) and with anti-laminin (1:500, Sigma–Aldrich
Corporation, St. Louis, EUA) conjugated with Alexa Fluor 546
(Molecular Probes/Invitrogen, Eugene, USA). Laminin, a constitu-
ent of the endothelial basal lamina, is a vascular marker that
delineates blood vessels.4,14,15 Laminin staining by immunoﬂuo-
rescence allows the identiﬁcation of GFP cells present in the wall
and any new branches formed. All sections were mounted using a
nuclear-counterstaining mounting medium containing DAPI
(Vector, Burlingame, CA, EUA). The co-localization of GFP+ cells
and laminin-stained microvessels was quantiﬁed in dorsal
hippocampal regions CA1, CA3 and hilar (polymorphic layer,
PoDG) under 20 magniﬁcation in 8 hippocampal serial slices in
10 random non-overlapping ﬁelds for the three time-points after
SE (8 h, 7 d and 15 d) and in non-SE chimeric animals. GFP+ cells
present in the parenchyma were also counted on the same capture
images. The slides were examined using a ﬂuorescent microscope
(Nikon 80i) and confocal (Leica SP5 TS). Images were captured
using a Nikon ACT-1 v.2 system and analyzed using the ImageJ
imaging system. Statistical analyses were performed using
ANOVA followed by the Tukey–Kramer post hoc test and
Kruskal–Wallis followed by the Dunn test. A signiﬁcance level
of 5% was assumed.
3. Results and discussion
In the present work, the inﬁltration of bone marrow-derived
cells into the brain after pilocarpine-induced SE modiﬁedFig. 2. Quantiﬁcation of blood vessels containing GFP+/laminin+ double-labeled cells in th
and (C) CA3. A signiﬁcant and low number of double-labeled vessels were detected at 8 h
days only in the PoDG (*p < 0.05 versus CTRL group). In the CA1 and CA3, the number of d
versus 8 h group). In the hippocampal parenchyma, the number of GFP+ cells (D) increased
between the groups for laminin quantiﬁcation in the hippocampus (E) (one-way ANOVA f
test). Data represent the means  SEM.the pattern of vascularization in the hippocampus. After SE,
bright points of GFP staining were detected in the vessel walls,
which suggests that bone marrow-derived GFP+ cells incorpo-
rated into the walls of pre-existing blood vessels. These cells
were also detected in new branches sprouted from old ones, as
observed by continuous laminin-GFP+ stained formed branches
(Fig. 1).
Regarding the early stages post-SE (8 h), the number of laminin-
stained blood vessels with inserted GFP+ cells immediately
decreased in response to seizures in all three analyzed hippocam-
pal regions (p < 0.001). On the other hand, the number of double-
stained laminin-GFP+ blood vessels increased in the hippocampus
at 7 days after SE (p < 0.001) and continued increasing until 15
days after SE (p < 0.001), which was the last time point examined.
When analyzing the three hippocampal regions individually, this
pattern was also found in the CA1 and CA3, with a sharp reduction
soon after SE (8 h; p < 0.001) followed by a slight increase in 7 days
that still differed from control (p < 0.001), reaching its levels at 15
days after SE. In the PoDG, however, the number of GFP+ cells
present in the blood vessels’ walls was signiﬁcantly reduced in all
analyzed time points, compared to the control chimera group
(p < 0.001) and the total GFP+ blood vessels counted in CA1 and
CA3 (p < 0.001) (Fig. 2A–C).
As proposed by Ndode-Ekane et al.,6 endothelial cell
proliferation and angiogenesis are responsible for recovering
from the vascular injury induced by SE by restoring vascular
length within 2 weeks after SE. In fact, we observed that 15 days
after SE, the number of vessels formed by bone marrow-derived
cells in the CA1 and CA3 (not the PoDG) reached the control
values (p > 0.05 ns compared to control group; Fig. 2). However,
the 15th day was the last time-point we examined, in contrast
to Ndode-Ekane’ long-lasting experiment (two months)
which suggested that the generation of epileptogenic circuitry
was not correlated with the intensity of vascular injury or
angiogenesis.e hippocampus of chimeric mice at 8 h, 7 days and 15 days after SE. (A) CA1; (B) PoDG
 and 7 days after SE compared to CTRL in the three hippocampal areas and after 15
ouble-labeled vessels increased at 7 and 15 days compared to 8 h after SE (#p < 0.05
 at 8 h and 15 days after SE (*p < 0.05 versus chronic group). No difference was found
ollowed by Tukey’ multiple comparisons test; Kruskal–Wallis test followed by Dunn’
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bone marrow and adjacent tissue give rise to new blood
vessels.11 As presented in Fig. 2, control non-SE animals showed
an elevated number of GFP+ cells inserted in the vessel walls. As
suggested by Galimi and coleagues,16 in a physiological
situation, bone marrow-derived cells have been shown to
participate in the vasculature of the adult central nervous
system. By analyzing the brain and other tissues of chimeric GFP+
animals, Galimi et al. detected a large number of bone marrow-
derived cells tightly associated with blood vessels in the brain.
However, those cells were not identiﬁed as endothelial cells but
were positive for monocytic and microglial markers. In the
present study, in contrast to the high number of bone marrow-
derived cells present in the blood vessels’ walls of control
animals, there were a low number of GFP+ cells in the
hippocampal parenchyma of this group. On the other hand, in
epileptic animals, the GFP+ cells detected in the parenchyma
signiﬁcantly increased after SE induction (p = 0.002; Fig. 2D).
Thus, it is possible that when SE is induced, bone marrow-
derived GFP+ cells emerge from the vessels and migrate to the
parenchyma, although we cannot afﬁrm that these GFP+ cells are
the same cells found in the parenchyma. Accordingly, when not
associated with blood vessels, cells derived from bone marrow
gradually migrate to the brain parenchyma, particularly the
hippocampus of epileptic animals.9
In summary, SE directly affected vascularization in the
hippocampus mediated by bone marrow-derived cells. These
results are in accordance with other studies proposing that
angiogenesis is associated with blood-brain barrier permeabili-
ty3 and bone marrow cell inﬁltration in the epileptic brain.9 The
relation was evident between the time after SE and the number
of double-stained laminin-GFP+ vessels in the hippocampus,
indicating that the number of vessels formed with bone marrow-
derived cells increases over time after SE. Likewise, it has been
suggested that vascular changes are most active during the ﬁrst
month after epileptogenic insults.4,5 Once initiated, angiogenesis
progressively increases as the time after SE passes.3 In this
regard, the experimental model of pilocarpine-induced SE
combined with chimeric GFP animals contributes to understand-
ing the role of bone marrow-derived cells in hippocampal
vasculature in a pathological situation and helps clarify some
important aspects associated with SE-induced angiogenesis.
Nevertheless, it remains controversial whether the increase in
vascular density of the epileptic brain represents a progressive
adaptation to improve perfusion during seizures3 or is implicat-
ed in the mechanism underlying the occurrence of spontaneous
seizures.4,5
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